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I INTRODUCTION 


The  finding  (l)  that  thiootio  aoid  (ThA)*  is  removed  from  extracts  of 
the  oiliated  protozoan,  Tetrahymena  pyrlformis,  by  treatment  with  adsorption 
alumina  suggested  that  this  prooedure  may  provide  a tool  for  investigations  of 
functions  of  ThA  other  than  the  established  participation  in  oC-keto  aoid  oxida- 
tions (2,  3)*  The  role  of  the  oofaotor  in  these  oxidations  suggests  participation 
in  additional  aoyl  transfer  reactions*  The  animal  aoetate-aotivatlng  system 
(reaction  l)  seomed  a likely  suspect. 

acetate  * ATP  + Go  A s ~ . aoetyl-Co  A 4 AMP  PP  (l) 


II  RESULTS 

Thioctio  aoid  requirement  of  the  aoetate  system 
Altunina  treatment  of  pigeon  liv«r  aoetone  powder  extraots  decreases  the 
rate  of  aoetyl-Co  A formation  from  aoetate}  the  thiootio  aoid  oontent  of  the 
extraot  is  also  deoreased  (Table  I).  Addition  of  synthetio  thiootio  acid  restores 
activity  to  mixtures  oontaining  treated  enzyme. 


TABLts  I.  Alumina  Treatment  of  Aoetone  Powder  Extraots 

System  1 contained  in  1.0  ml:  75  pM  Na  aoetate}  20  units  Co  A}  100  uM  Tris  buffer, 

pH  8,2)  10  uM  GSH;  200  uM  hydroxy lamine ; 10  uM  Na-ATP}  10  uM  MgClg;  60  uM  NaF. 

System  2 oontained  in  1*0  mlt  70  uM  Na  aoetate;  20  ,uM  Co  A;  100  pM  phosphate 
buffer,  pH  8.2;  10  uM  GSH;  10  pM  Na-ATP;  10  pM  MgClg}  60  pM  NaF;  S.  faeoalia 
extraot  oontaining  0.3  pg  protein.  System  3 oontained  in  1.0  ml:  75  uM  Na  aoetate; 
20  units  Co  A;  100  pM  Na-ATP;  10  pM  MgClg;  60  UM  NaF.  In  all  oases  18  mg  protein 

of  extract  were  inoubated  90  min.  at  32°  C.  The  ThA  oontent  of  the  extraot  added 

was  0.527  ug.  After  alumina  treatment  the  oofaotor  oontent  was  0.05  ug. 


Enzyme  treatment 
and  additions 

System  1 

System  2 

System  3 

hydroxamate  formed 

aoetyl  pnosphate  formed 

oibrate  formed 

fJlJt 

pii 

None 

1.23 

1.17 

1.20 

4*  0.1  pg  ThA 

1.19 

1,15 

1*21 

Alumina  treated 

0.11 

0.20 

0.16 

4 0.1  jag  ThA 

1.17 

1.16 

1.16 

Ti  'i*ke  following  abbreviations  are  used:  ATP,  adenosine  triphosphate;  AMP, 

adenosine  monophosphate;  PP,  inorganic  pyrophosphate;  Co  A,  ooenzyme  A;  BAL, 
2,3-dimoroaptophropanol;  G8H,  glutathione;  Tris,  tris-(hydroxymethyl)- 
orainomethane ; ThA,  thiootio  aoid;  DFN,  diphosphopyridine  nucleotide;  DPT, 
diphosphothiamine;  Pi,  inorganic  phosphorus. 
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As  anticipated  in  a ThA  dependent  system  (4),  arsenite  inhibits  the 
aoetate-aotivating  reaction;  aresenate  is  without  effect.  Adjustment  of  the 
thiootio  aoid  content  of  extracts  to  just  optimal  levels  by  alumina  treatment  and 
the  addition  of  synthetio  thiootio  aoid  results  in  preparations  whioh  are  much 
more  sensitive  to  the  inhibitor  than  are  untreated  extraots  whioh  oontain  exoess 
oofactor.  The  arsenite  inhibition  is  reversed  by  BAL,  but  not  by  such  monothiol 
compounds  as  oysteine,  thioglyoollate,  or  additional  amounts  of  GSH  (Table  II ). 


TABLE  II . Arsenite  Inhibition  of  Aoetate  Activating  System 

The  incubation  mixture  was  as  desoribed  in  System  1 of  Table  I.  The  extra -t  con- 
taining 16  mg.  of  protein  was  incubated  for  90  min.  at  32°  C.  The  ThA  oontont  of 
this  amount  of  untreated  extraot  tob  0.466  }ig.  After  alumina  treatment  the 
cofaotor  oontenc  was  0.063  pg. 


liydroxamate 

formed 

Additions 

Untroatod  extraot 

Alumina  treated  extraot 
. 0.1  Jig  ThA 

None 

0.92 

uU 

0.84 

2 pH  arsenite 

0.88 

0.61 

4 >iM  arsenito 

0.71 

0.24 

8 pH  arsenite 

0.62 

0,08 

8 pH  arsenate 

0.91 

0.81 

4 uM  arsenite 

+ 20  pH  oystoine 

0.68 

0.26 

4 uM  arsenite 

+ 20  pH  thioglyoollate 

0.70 

0.23 

4 uH  arsenito 

+ 10  ^iM  additional  GSH 

0.66 

0.26 

4 uM  arsenite 

4-6  pH  BAL 

0,90 

0.79 

I 


Revorsal  of  tho  alumina  effoot  by  added  ThA  is  stimulated  by  sodium  ions 
and  is  inhibited  by  potassium  ions  (Fig*  1).  However*  in  tho  presonoe  of  high 


FIGURE  1*  Sodium  Ion  Stimulation*  of  ThA  Reversal  of  Alumina  Troated  Aoetate 
Snsyme  at  various  lovols  of  7o~bassium  Ion  (Tonoont rat i on  ' 

Tho  inoubation  mixtures  wore  as  described  for  System  3 in  tho  logond  of  Tablo  I . 

All  aoidio  oompononts  woro  oonvortod  to  thoir  Tris  salts,  ^igeon  livor  aoetone 
powder  was  oxtraotod  with  0.1  M Tris  buff  or,  pH  8.2.  Aotivity  before  alumina 
treatment  in  each  of  tho  various  mixturos  was  taken  as  100$,  ThA  (0.1  pg)  was 
inoludod  in  mixtures  after  alumina  treatment*  KCi  and  NaCl  woro  added  as  indicated 
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oonoontrat ions  of  potassium  ions*  whore  ThA  is  inactive,  tho  roduood  form  of  tho 


cofaotor,  dihydrothiootio  aoid,  inoroasos  tho  rate  of  aootyl-Co  A formation 
(Fig.  2).  For  activity  in  tho  aootato  activating  reaotion  then,  tho  disulfide 
linkage  of  ThA  must  bo  roduotivoly  aplit  by  a system  whioh  is  etirulatod  by  sodium 
ions  and  inhibited  by  potassium  ions.  This  system  is  inaotivatod  by  ropoatod 
freosing  and  thawing. 

FIGURE  2 . Stimulation  of  Alumina  Troatod  Extracts  by  Dihydrothiootio  Aoid  in  tho 
fcrosonco  of  Largo  Amounts  of  Potassium  Ion 

Tho  incubation  mixture  v/ns  as  dosoribed  for  system  1 in  tho  legond  of  Tablo  I, 
oxcopt  that  100  pM  of  KC1  woro  inoludod.  Tho  oxtrnot  (18  mg  of  protoin)  was 
alumina  troatod  and  inoubatod  90  min.  at  32°  C. 
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d« hydro  ThA 
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pM  ThA 


Tho  8-raothyl  derivative  of  ThA  which  is  antagonistic  to  tho  oofaotor  for 
tho  growth  of  sovoral  mioroorgonisms  (5),  also  inhibits  tho  aootate  activating 


}xg  ThA 


TABLE  III . Effeot  of  Potassium  Ions  on  8 -met 
Activation 


ThA  Inhibition  of  Aoetate 


The  incubation  was  a described  for  system  2 in  the  legend  of  Table  I.  KC1  and 
S-methyl  ThA  added  as  indioated.  The  aoetone  powder  extraot  containing  13  mg 
protein  and  the  faeoalis  extraot  containing  0.2  mg  protein  were  inoubated  at 
32°  C.  for  90  min. 


oonoentration 


Aoatyl  pho 


Inhibition 


»■ 
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; 
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and  ATP.  Co  A inhibits  this  exchange,  indicating  a subsequent  exohange  of  Co  A 
for  AMP.  Table  IV  shows  that  dithiol  ThA  also  inhibits  thie  pyrophosphate  ex- 
change; the  disulphide  compound  is  without  effeot. 

TABLE  IV.  p32  Exohange  between  Inorganio  PP  and  ATP 

Inoubation  mixture  oontained  in  1 mil  3.4  pM  p32  pyrophosphate,  at  pH  7.6;  2.5  |iK 
K-ATP;  20  pM  KFs  10  pM  Mg  CI2J  20  pM  EgSj  200  pM  Tris  buffer,  pH  7.5;  additions  as 
listed.  Inoubstod  in  air  20  min.  at  57°  C. 


None 

92,970 

27,700 

670 

270 

1.7 

11  units  enzyme 

63,100 

18,600 

28,700 

12,170 

76.9 

11  unit  8 enzyme 
-»*  2 pM  Co  A 

76,610 

23,520 

16,580 

7,080 

42.2 

11  units  enzyme 
•f  2 jiM  Co  A 

62,960 

19,350 

28,910 

13,800 

79.6 

11  units  enzyme 
+ 2 pM  dihydro 
ThA 

76,340 

25,210 

15,020 

6,730 

38.6 

11  units  enzyme 

4-  10  pM  KCN 

60,630 

19,550 

33,530 

15,420 

86.5 

11  units  enzyme 

68,340 

21,180 

24,000 

10,000 

59.7 

■f  2 pM  dihydro 
ThA  + 10  pM 
KCN 


Cyanide  aooelorates  the  pyrophosphate  oxohango  and  when  in  combination  with  dithiol 


ThA,  it  reverses  tho  dihydrothiootio  aoid  inhibition.  This  is  oompatiblo  with  the 


proposal  that  in  tho  aootato  system,  ThA  is  bound  to  tho  enzyme  protein  by  a S-C 


linkage,  whioh  is  readily  broken  by  cyanide.  Inhibition  of  the  pyrophosphate  ox- 


ohango  by  dithiol  ThA  is  then  the  result  of  f "nation  of  largo  amounts  of  this 


onzymo-dithiol  thiootio  aoid  complex  whioh  speeds  reaction  2 to  tho  right.  Tho 


roaotion  sequonoo  of  aoetate  oxidation  may  thon  bo  visualized  to  prooood  as « 


Enz-AMP 

| + PP  (3) 

S SH 
I l 


Enz-SCoA 

i 4-  AMP  (4) 

S SH 
I L 


Enz-SCoA 

j 4-  BOH  (5) 

S SCOCH* 

1 L_ 


Enz 

1 

-h 

ATP  

S SH 

1 .1 

«r“ 

Enz-AMP 

! 

4 

IISCoA  ■■■  » 

S H 

1 ? 

Enz-SCoA 

1 

4 

cn3  cooh  ■ > 

S SH 

1 1 

Enz-SCoA 

| 4 HOH 

S SCOCH3 
U l_ 


Enz 

I 

S SH 
L L. 


CH3COSC0A  (6) 


It  is  possible  that  roactions  4 and  5 may  bo  rovorsod  in  ordor*  that  is,  that  aoo- 
tato may  oombino  with  tho  onzyrao -thiootio  ooraplox  prior  to  tho  exohongo  botvoon 
Co  A and  AJIP.  Tho  sequonoo  of  theso  ohangos  aro  boing  investigated  at  prosont. 


Tho  Thiootio  Aoid  Splitting  Enzymo 
Tho  onzymo  fraotion  of  pigoon  livor  aootono  pcrwdor  extraots  whioh  is 
prooipitatod  betwoon  36-70$  ammonium  sulfato  saturation  oontains  most  of  tho  aoetato 
activating  activity  of  the  oxtraot , This  fraotion  howevor  doos  not  rospond  to  the 

alumina  treatment  for  tho  romoval  of  ThA.  Howovor,  combination  vdth  tho  lower 
ammonium  sulfato  fraction  (0-35$  saturation)  whioh  oontains  only  slight  aootate 
activating  aotivity,  results  in  a mixturo  whioh  ro spends  to  tho  alumina  prooeduro 
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( Table  V).  The  mixture  of  the  two  fraotions  responds  to  arsenite  inhibitions  as 
does  the  unfraotionated  oxtraot  (of.  Table  II )•  It  seems  that  the  low  ammonium 
sulfate  fraotion  functions  by  splitting  protein  bound  ThA;  liberated  ThA  is  then 
adsorbed  on  Wii0  alumina . 


TABLE  V.  Alumina  Treatment  of  Ammonium  Sulfate  FraotionB  of  Pigeon  Liver  Aoetone 
Powder  Extraots 

The  incubation  mixture  was  as  desoribed  for  system  3 in  the  legend  of  Table  I« 

The  ThA  oontent  of  the  35-70$  fraotion  amounted  to  0*299  pg  before  alumina  treat* 
ment.  After  treatment  in  combination  with  the  0-35$  fraction,  the  oofaotor  oon- 
tent was  0.043  p,g.  Alumina  traatment  of  the  35-70$  fraction  alone  did  not  alter 


the  ThA  oontent. 

Incubations  were  for 

90  min.  at  3?°  C. 

Citrate  Formed 

Additions 
and  treatments 

0-35$  fraotion 
(18  mg  portein) 

35-70$  fraction 
(12  mg  protein) 

0-35$  fraction 
(3  mg  protein) 

35-70$  fraotion 
(12  mg  protein) 


pll 

pM 

pM 

None 

0.03 

0,86 

0.84 

0*1  pig  ThA 

0.02 

0.84 

0.85 

4-  4 pM  arsenite 

— 

0.72 

0.68 

Alumina  treated 

— 

0.88 

0.13 

4-0.1  y.g  ThA 

+-0.1  ug  ThA  4- 
2 pM  arsenite 

— — 

0.88 

0.87 

- — - 

- — - 

0.31 

4-0.1  pg  ThA  -h 

2 uM  arsenite  4- 
5 BAL 

— 

— 

0.82 

It  seems  possible  then  that  ThA  can  be  removed  from  highly  purified 
enzymes  by  the  alumina  procedure--in  conjunction  with  the  0-36$  ammonium  sulfate 
fraotion  from  pigeon  liver  extraots.  The  large  amounts  of  oofaotor  in  purified 
pyruvio  oxidase  (6)  and  pC”ketoglutario  oxidase  (7)  are  so  tightly  bound  to  the 
protein  that  suoh  prooedures  as  dialysis,  repeated  washing,  or  ion-exohange 
techniques  do  not  dislodge  it.- 


Tablo  Yt  shows  that  the  prooeduro  is  off active  in  removing  ThA  from 
Highly  purifiod  pyruvio  oxidase  from  pigoon  breast  musolo.  Tho  almina  prooodure, 
also  in  oonjunotion  with  the  splitting  fraotion  (0~Z6f»  ammonium  sulfate)  from 
pigoon  livor  oxtraots,  romovos  the  oofaotor  from  purified  pC-kotoglutario  oxidase 
(Fig.  4). 

TABIE  VI.  Romoval  of  ThA.  from  Purifiod  Pyruvio  Oxidase 


Inoubation  mixturo  contained  in  1»0  ml»  60  jiM  phosphate  buffer,  pH  7*4;  2*4  pJl 
MgCl2 ; 1,6  pM  MnClg ; 1 pM  GSH;  0.16  pM  DPN;  0.47  pM  DPT;  28  units  CoA;  60  pM 
Na  pyruvate,  and  0.24  mg  protein  of  faooalis  oxtraot.  Tho  pyruvio  oxidaso 
was  of  speoifio  activity  42.  Tho  livor  fraction  was  added  in  amounts  containing 
35  mg.  of  protoin.  Inoubation^  wore  oarriod  out  for  60  min.  undor  nitrogen  at 
38°  C. 


Inzymc  mixturo 

ThA  oontent 

Aootyl  phosphate 

and  troatmenfc 

of  addod  onzymo 
mixturo 

formed 

Pyruvio  oxidase 
None 

Alumina  troated 


0.178 

0.183 
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FIGURE  4.  Effeot  of  Alumina  Treatment  of  e£-kctoglutario  Oxidase  on  Rat*  of 
^e duo t ion  of  bfljf" 

Inoubation  mixture  oontained  in  3*0  mlt  76  units  of  Co  A}  60  yxA  GSH;  .'.3  pM 
DPN;  100  pM  glyoylglyoine,  pH  7.2,  and  enayme  mixture • The  enzyme  mixture  con- 
tained 0.36  mg  protein  of  at  -ketoglutario  oxidase,  speoifio  aotivity  66,  and 
10.9  mg  of  0-35??  liver  fraotion.  The  ThA  content  of  the  untreated  mixture  was 
0.263  pg,  and  in  the  alumina  treated  mixture  the  oofaotor  amounted  to  0.016  pg. 


r 

0.8  j- 


minutea 


III  METHODS 

Pigeon  liver  aoetone  powder  extraoted  as  desoribed  by  Kaplan  and  Lipmann 
(8)  served  as  the  aouroe  of  acetate  activating  enzyme.  Insoluble  materials  were 
removed  by  oentrifugation  at  18,000  x g for  16  min.  Co  A was  removed  from  the 
extraots  by  treatment  with  Dowex-1  (9).  Fyruvio  oxidase  was  purified  from  pigeon 
breast  rauaole  according  to  Jagarumthan  and  Sohwoet  (10).  Purification  of  cC-keto- 
glutario  oxidase  from  pig  heart  followed  the  prooedure  of  Sanadi,  et  al.  (7). 


L 
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Aoetate  activating  aotivity  was  moasured  by  cither  of  three  assay 
systems » (a)  the  aootyl-Co  A formed  by  reaction  1 was  non-enzymat i o a 1 ly  oonvortod 

to  aoethydroxamato  in  -chc  presonoe  of  high  oonoontrationa  of  hydroxylamine 
(reaotion  2)(il);  (b)  inorganic  phosphate  served  as  aoyl  acceptor  to  form  aoetyl 

aoetyl-Co  A + hydroxlamine  — “ CoA  •+■  aoetylhydroxamate  (7) 

phosphate  in  the  prosenoe  of  phosphotransaoetylase  (roaotion3) (9) ; (o)  oxalo- 

aoetate  served  as  aooeptor  to  form  oitrate  (reaotion  4) (12) (sufficient  oondensing 

9nzyme  is  present  in  the  extract?  (13) • 

aoetyl-Co  A *►  Pi  r-  '■■■  ■ ' '*  *'  -*•  aoetylphosphato  + Co  A (8) 

phosphotransaootylase 

aootyl-Co  A 4-  oxaloacotate  ■ — - ■ ^ oitrate  +-Co  A (9) 

oondensing  enzyme 

Pyruvate  oxidation  was  measured  by  following  the  rate  of  di smut at  ion 
to  aoetyl  phosphate,  COg  and  laotatoi 

pyruvate + DPN  +Co  A ",  ~ — * aoetyl-Co  A ■+■  COg  -♦*  DPNH  (10) 

pyruvate  oxidase 

aoetyl -CoA  •+•  Pi  - ; 1 aoetylphosphato  + Co  A (11) 

'pho  sphot  r ans  ao  ety  la  s e 

pyruvate  4*  DPNH  " »-r  laotato  4"  DPN  (12) 

iaotio  dehydrogenase 

STU«  2 pyruvate  4- Pi  ~"a'  aoetyl  phosphate  -4*  COg  -+■  lactate  (13) 

Tho  initial  step  in  the  oxidation  of  -keto  glut  ar  ate  (roaotion  9)  which 
is  analogous  to  the  oxidation  of  pyruvato  (roaotion  5),  was  measurod  by  following 

* Buooinyl-Co  A + C0g4*DPNH 


Cj^-kot o glut  ar at  e -f  DPN  4*  Co  A 


(14) 


' ‘ ' -yjsssssssif  itsstssae^-sias^^  * teasatemwi^ffs ^jssinr^St^rx 
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the  reduotion  of  DPN  by  the  increase  in  optioal  density  at  340  my  in  the  Beokman 
DU  spectrophotometer. 

Aoetyl  phosphate  and  aoethydrcxamate  were  determined  aooording  to 
Lipmann  and  Tuttle  (14,  15).  Citrate  was  determined  aooording  bo  "Katelson,  et 
al . (16).  An  ammonium  sulfate  fraction  of  an  extraot  of  Stroptbooocua  faecalis 
strain  10C1  whioh  had  been  growing  in  media  deficient  in  ThA  (17)  served  as 
source  of  phosphotransaoetylase  and  of  lactio  dehydrogenase. 

Protein  was  determined  turbidiraetrioally  (9),  The  ThA  oontent  of 
enzymes  was  determined  manometrioally  (17)  following  hydrolysis  in  6 N H-SO4 
at  120°  C.  for  1 hour. 

Alumina  treatments  of  enzymes  were  oarried  out  in  oonioal  oentrifuge 
tubes.  The  enzyme  solution  was  brought  to  room  temperature  and  was  then  rapidly 
stirred  for  3 min.  with  adsorption  alumina.  The  adsorbant  was  used  in  a ratio 
of  1 gram  for  eaoh  100  mg  of  protein.  The  tube  was  then  oooled  in  an  ioe  bath 
and  the  alumina  was  allowed  to  settle.  The  supernatant  fluid  was  pipetted  off 
and  was  then  centrifuged  at  2000  x g for  16  min.  at  40  C.  to  remove  the  remainder 
of  the  alumina.  Treatment  at  room  temperature  appears  to  effoot  more  oomplets 
splitting  of  ThA  from  the  enzyme  protein  and  adsorption  than  is  accomplished  at 
lower  temperatures.  Adsorption  alumina  with  adsorptive  oapaoity  barely  equivalent 
to  a Brockman  oharacterization  of  II  is  satisfactory.  Large  roeah  (80-200) 
adsorbant  is  routinely  used  dirootly  from  the  manufacturer’s  oontainer.  Aoid  or 
alkali  washings  do  not  uniformly  affoot  the  ability  to  adsorb  ThA. 

Isotopio  exohongea  between  pyrophosphate  and  ATP  were  oarried  out  with 
fraction  4 of  the  aoetate  enzyme  from  yeast  (19),  as  dosoribod  by  Jones,  et  al. 
(6). 
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